Calcium-dependent lectin I from Pseudomonas aeruginosa (PA-IL) binds specifically to oligosaccharides presenting an ␣-galactose residue at their nonreducing end, such as the disaccharides ␣Gal1-2␤GalOMe, ␣Gal1-3␤GalOMe, and ␣Gal1-4␤GalOMe. This provides a unique model for studying the effect of the glycosidic linkage of the ligands on structure and thermodynamics of the complexes by means of experimental and theoretical tools. The structural features of PA-IL in complex with the three disaccharides were established by docking and molecular dynamics simulations and compared with those observed in available crystal structures, including PA-IL⅐␣Gal1-2␤GalOMe complex, which was solved at 2.4 Å resolution and reported herein. The role of a structural bridge water molecule in the binding site of PA-IL was also elucidated through molecular dynamics simulations and free energy calculations. This water molecule establishes three very stable hydrogen bonds with O6 of nonreducing galactose, oxygen from Pro-51 main chain, and nitrogen from Gln-53 main chain of the lectin binding site. Binding free energies for PA-IL in complex with the three disaccharides were investigated, and the results were compared with the experimental data determined by titration microcalorimetry. When the bridge water molecule was included in the free energy calculations, the simulations predicted the correct binding affinity trends with the 1-2-linked disaccharide presenting three times stronger affinity ligand than the other two. These results highlight the role of the water molecule in the binding site of PA-IL and indicate that it should be taken into account when designing glycoderivatives active against P. aeruginosa adhesion.
Lectins are carbohydrate-binding proteins of nonimmune origin with no enzymatic activity, responsible for selective glycan recognition in bacteria, animals, and plants (1, 2) . Because of their specificities toward sugars, lectins are involved in many biological processes such as cell-cell communication, embryogenesis, and cell maturation and can also play roles in pathology including tumor growth and host-pathogen interactions (2) .
The opportunistic Gram-negative bacterium Pseudomonas aeruginosa is the major mortality factor for cystic fibrosis patients, causing endobronchial infections and related neutrophilic inflammatory responses (3) . The bacterium produces two soluble lectins, lectin I and lectin II (PA-IL and PA-IIL), 2 both located in the cytoplasm and on the outer membrane (4) . These lectins are expressed under the control of the quorum sensing system and are considered as virulence factors that have been proposed to be involved in adhesion to glycoconjugates on respiratory epithelia and biofilm formation (5, 6) .
PA-IIL is a tetrameric fucose-binding lectin, each monomer containing two calcium ions in the binding site with micromolar affinity toward carbohydrate ligands that participate in the ion coordination. The structures and thermodynamic properties of this lectin were elucidated through experimental and in silico techniques (7, 8) . PA-IL has no sequence similarity with PA-IIL and has a different tetramer architecture with specificity to galactose (9) . Solved crystal structures, in apo form and in complex with sugars, demonstrated that each monomer adopts a small jelly roll type ␤-sandwich fold, consisting of two curved sheets, each one formed by four antiparallel ␤-strands with a calcium ion in the binding site (10) . We previously described the structural basis and thermodynamic properties of this lectin in complex with oligosaccharide moieties of glycosphingolipids combining several approaches such as cell surface labeling, glycan array analysis, titration microcalorimetry, crystallography, and molecular modeling (11) . Together with previous binding studies (12, 13) , these data established that the globotriaosylceramide antigen Gb3, the carbohydrate moiety of which is ␣Gal1-3␤Gal1-4␤Glc, is a likely natural ligand of the lectin on human epithelia.
The aim of the present work is to unravel the structural and thermodynamic features of the PA-IL lectin in complex with three isomeric disaccharides: methyl 2-O-␣-D-galactopyranosyl-␤-D-galactopyranoside (␣Gal1-2␤GalOMe), methyl 3-O-␣-D-galactopyranosyl-␤-D-galactopyranoside (␣Gal1-3␤-GalOMe), and methyl 4-O-␣-D-galactopyranosyl-␤-D-galactopyranoside (␣Gal1-4␤GalOMe), all of which bind to the lectin and only differ by the stereochemistry of their glycosidic linkage. We used flexible molecular docking on one lectin monomer coupled with explicitly solvated molecular dynamics (MD) simulations to evaluate the structure and flexibility of the binding sites together with the role of the solvent. Molecular mechanics Poisson-Bolzmann surface area (MM-PBSA) analyses were used on the calculated trajectories to evaluate the free energy of binding of the complexes. The in silico structural and energetic observations were compared with experimental data. In particular, the crystal structure of PA-IL in complex with ␣Gal1-2␤GalOMe was solved at 2.4 Å resolution, and thermodynamic of PA-IL binding to the three oligosaccharides was measured by titration microcalorimetry. The modeling data, in agreement with the experimental one, showed the importance of one structural bridge water molecule always present in the PA-IL binding site.
EXPERIMENTAL PROCEDURES
Materials-The recombinant protein PA-IL cloned in plasmid pET25pa1l was expressed and purified as described previously (11) . The purified protein was lyophilized and stored at Ϫ20°C. Oligosaccharide derivatives ␣Gal1-2␤GalOMe and ␣Gal1-3␤GalOMe were purchased from Carbohydrate Synthesis (Oxford, UK). ␣Gal1-4␤GalOMe was synthesized following published procedures (14, 15) , the structure was checked by NMR and found to be identical to published data.
Microcalorimetry-Lyophilized PA-IL was dissolved in buffer (0.1 M Tris-HCl buffer containing 3 M CaCl 2 , pH 7.5) at a concentration of 0.05 mM and degassed. Protein concentration was checked by measurement of optical density at 280 nm using a theoretical molarity extinction coefficient of 27,600 M Ϫ1 cm Ϫ1 . Carbohydrate ligands were dissolved directly into the same buffer at a concentration range from 0.07 to 1.7 mM and degassed. Isothermal titration calorimetry was performed with a VP-ITC MicroCalorimeter (MicroCal Inc.). Titration was performed on PA-IL in the 1.4478-ml sample cell using 10-l injections of carbohydrate every 300 s at 25°C. Carbohydrate ligand was also titrated into buffer for control. The data were fitted with MicroCal Origin 7 software, according to standard procedures using a single-site model with a stoichiometry of 1. The fitted data yielded the K a and the enthalpy of binding (⌬H). Other thermodynamic parameters (i.e. changes in free energy, ⌬G, and entropy, ⌬S) were calculated from the equation: ⌬G ϭ ⌬H Ϫ T⌬S ϭ ϪRTlnK a , where T is the absolute temperature, and R ϭ 8.314J⅐mol
Ϫ1 ⅐K Ϫ1 . Two independent titrations were performed for each ligand tested.
Protein Crystallography-Crystals of PA-IL complexed with ␣Gal1-2␤GalOMe were obtained by the hanging drop vapor diffusion method using 2-l drops containing a 50:50 (v/v) mix of protein and reservoir solution at 20°C. Lyophilized protein was dissolved in water (10 mg ml Ϫ1 ) and incubated for 1 h with ␣Gal1-2␤GalOMe at room temperature prior to co-crystallization. Crystals of the complex were obtained after optimization of condition 23 of the Clear Strategy Screen II (Molecular Dimension Limited) using 20% polyethylene glycol 6000, 1 M lithium chloride, and 100 mM sodium acetate, pH 4. The crystals were frozen in liquid nitrogen in the presence of 25% ethylene glycol as cryoprotectant. The diffraction data were collected at 100 K at the European Synchrotron Radiation Facility (Grenoble, France) at station ID14-eh1 using an ADSC Q4 CCD detector. Crystals belonged to space group P2 1 and diffracted to 2.4 Å resolution. The data were processed using MOSFLM (16) and scaled and converted to structure factors using SCALA. All further computing was performed using the CCP4 suite (17) unless otherwise stated.
Molecular replacement was used to solve the structure with PHASER (18) using the A chain of the PA-IL⅐galactose complex (10, 19) (Protein Data Bank code 1OKO) after removing the water and ligand molecules. Eight monomers were found, corresponding to two tetramers of PA-IL. Five percent of the observations was set aside for cross-validation analysis (20) , and hydrogen atoms were added in their riding positions and used for geometry and structure-factor calculations. The structure was refined by restrained maximum likelihood refinement using REFMAC (21) , iterated with manual rebuilding in Coot (22) . The incorporation of the ligand was performed after inspection of the mF o Ϫ DF c weighted maps, and the initial maps revealed clear density for one or two galactose residues of the ␣Gal1-2␤GalOMe ligand, depending on the sites. Water molecules were introduced automatically using Coot and inspected manually. The stereochemical quality of the model was assessed with the program Procheck (23) , and the coordinates have been deposited in the Protein Data Bank under code 2WYF. The molecular drawings were prepared using PyMOL Molecular Graphics System (DeLano Scientific, Palo Alto, CA).
Flexible Molecular Docking-To perform docking calculations, the x-ray structure of the monomer A of the lectin PA-IL was taken into account (2VXJ). The structure was edited using the molecular modeling package Sybyl (Tripos Associates, St. Louis, MO), removing crystallographic water molecules and heteroatoms, with the exception of the calcium ion in the binding site, and adding hydrogen atoms, the positions of which were optimized through energy minimization with the TRIPOS force field (24) . The available x-ray coordinates of the trisaccharide ␣Gal1-3␤Gal1-4Glc were considered in this study and used as positional reference for the nonreducing galactose residue for all studied disaccharides.
Partial charges for the protein and carbohydrates atoms were calculated using the Kollman All Atoms parameters (25) and carbohydrate parameters for the TRIPOS force field (26) , respectively. The program deftors implemented in AutoDock3 (27) was used to define the rotational degrees of freedom for the ligands during the docking calculations. The PA-IL monomer was considered as a rigid body with receptor atomic solvation and fragmental volumes parameters assigned by the addsol utility. Calcium ion was treated using the method previously described (28) . The electrostatic grid maps were centered on ligands and calculated using the autogrid tool with a grid spacing of 0.375 Å and 70 grid points that include an exhaustive space of the PA-IL binding site. Polar hydrogens were differentiated from nonpolar hydrogens using 12-10 and 12-6 hydrogen bonding Lennard-Jones parameters, respectively. One hundred flexible docking runs were carried out with AutoDock 3.0, employing the Lamarckian genetic algorithm combined with the Solis and Wets local search. Default parameters were used, except for the number of energy evaluations, set to 4,000,000/GA run. The best docked structures for each run were collected, the ligand poses with the most favorable van der Waal's and electrostatic interactions were clustered in a histogram, and their coordinates were extracted as Protein Data Bank files.
MM3 Energy Maps of Disaccharides-MM3 was used for the conformational analysis of each disaccharide by calculating ⌽/⌿ relaxed potential energy maps. MM3 is considered one of the best force fields for carbohydrates because it allows full relaxation of the glycosidic residues taking into account the exo-anomeric effect (29, 30) . The notations used for the torsion angles of the glycosidic linkage are as follows: ⌽ ϭ O5-C1-O1-CX, ⌿ ϭ C1-O1-CX-CXϩ1, and ϭ O5-C5-C6-O6. Several starting conformations (16 altogether) were considered and generated using Sybyl software by considering possible orientations of the hydroxymethyl and secondary hydroxyl groups. Systematic searches for ⌽/⌿ rotations were performed with a step of 20°at a dielectric constant of 80 to mimic an aqueous environment. The block-diagonal minimization method, with the default energy convergence criterion of 0.00008 ‫ء‬ n⅐kcal⅐mol Ϫ1 per five iterations, n being the number of atoms, was used for optimizations. Individual relaxed maps were created and then combined together to obtain adiabatic energy maps in which only the lowest energy conformer at each ⌽/⌿ point is considered. Energy contour plots were visualized with the program Xfarbe (31) .
Molecular Dynamics Simulations-PA-IL monomer in complex with disaccharides derived from docking results were simulated using the AMBER program version 8 (University of California) with AMBER force field parm99 for the lectin (32) and Glycam06 force field (33) for carbohydrates. The calcium ion was treated with a charge of ϩ2, a radius of 1.79 Å, and a well depth of 0.014 kcal/mol (34) . All of the systems were neutralized by Na ϩ ions using the Xleap module of AMBER. A truncated octahedron of TIP3P water molecules was added to a distance of 10 Å on each side of the complexes. During the construction of the three systems with Xleap, the structural water molecule observed in the binding site of PA-IL crystal structures (10, 11) was retained. The simulations were carried out using the particle mesh Ewald technique (35) with a 10 Å nonbonded cut-off and a 2-fs integration time step. SHAKE algorithm was applied to all hydrogen atoms to eliminate the fastest X-H vibrations for a longer simulation time step (36) .
The equilibration protocol started with 1000 steps of minimization of water molecules and ions to allow water molecules to assume a lower energetic geometry, whereas the solute was constrained. The resulting systems were then subjected to 5000 steps of minimization, 2000 in steepest descent, with no restraints, reaching a root mean square gradient of 0.1 to assure the relaxation of the structures, followed by 100 ps of heating from 10 to 300 K in a constant volume ensemble with weak restraints on the solute (10 kcal/mol Å 2 ). Density equilibration (50 ps) followed by 500 ps of constant pressure without restraints at 300 K completed the equilibration step with convergences of energies, temperature, pressure, and density of the systems. The production phase was carried out with constant pressure boundary conditions and constant temperature controlled by the Langevin thermostat. A total of 10 ns of MD production were run, and trajectories were collected recording the coordinates every 0.2 ps.
Analogue methodology was applied for 10-ns MD simulations of the free disaccharides and the PA-IL monomer in a nonbounded state. The trajectories were analyzed using the Ptraj module of AMBER and R programs and visualized using the VMD molecular visualization program (37) . Pictures were generated using Pymol and Chimera (University of California, San Francisco, CA).
Calculation of Free Energy of Binding by MM-PBSA-The free energy of binding was evaluated using the MM-PBSA method (38) implemented in AMBER10 (University of California). This approach is based on the generation of multiple structures generally from a single MD trajectory, representing the ligand, the receptor, and the protein-ligand complex, respectively. Usually, water molecules and counterions are removed from every snapshot. Snapshots (1000) equally spaced at 10-ps intervals were generated from the three trajectories calculated for PA-IL monomer in complex with ␣Gal1-2␤GalOMe, ␣Gal1-3␤GalOMe, and ␣Gal1-4␤GalOMe. The same procedure was repeated while including the crystallographic bridge water molecule, to investigate its role in the binding energetic. Snapshots were also generated from the trajectories of the disaccharides in water and PA-IL in water. Free energy of binding was then calculated as described (38) . The solvation free energy takes into account the nonpolar contribution calculated from solvent-accessible surface area A (39) and the electrostatic contribution estimated solving the Poisson-Boltzmann equation via the PBSA module implemented in AMBER. The PoissonBoltzmann equation was solved using a grid spacing of 0.375 Å for the cubic lattice; the solvent dielectric constant was set to 80.0, the internal dielectric constant was set to 1.0, the solvent radius was set to 1.4 Å, and no counterions were included. In addition, the contribution of each monosaccharide to the binding energy was evaluated by performing the same calculations while omitting one monosaccharide or the other.
T⌬S represents the energy cost of vibrational, translational, rotational, and conformational changes in solute during the complex formation. Because of the high computational cost of this calculation and its approximate nature, it is often omitted from the free energy of binding estimation (40) . 100 snapshots from each trajectory were used to calculate the entropy through a normal mode analysis, using the Nmode module implemented in AMBER. Before the entropic estimation the structure of each snapshot was subjected to 1000 cycles of minimization, setting the distance-dependent dielectric function to 4 to reproduce the impact of the water environment.
RESULTS AND DISCUSSION
Crystal Structure of PA-IL⅐␣Gal1-2␤GalOMe DisaccharideCo-crystals of the lectin and ␣Gal1-2␤GalOMe disaccharide were obtained in space group P2 1 with cell dimensions of a ϭ 49.9 Å, b ϭ 99.8 Å, c ϭ 91.3 Å, and ␥ ϭ 100.8° (Table 1) . The asymmetric unit consists of eight PA-IL monomers arranged in two tetramers; each tetramer is assembled by pseudo 222 symmetry (Fig. 1A) . Clear density for a calcium ion and a disaccharide was observed in all binding sites (Fig. 1B) , except in chain B and E where only the calcium ion and the contacting galactose residue can be located. This resulted in the refinement of 968 amino acids, 648 water molecules, 8 calcium ions, and 14 carbohydrate residues with an R crys of 17% and an R free of 26% at 2.4 Å resolution ( Table 1) .
As previously described (10, 11) , each monomer adopts a small ␤-sandwich fold consisting of two curved sheets, each consisting of four antiparallel ␤-strands. The nonreducing ␣Gal residue is buried in the binding site and participates in the coordination of the calcium ion through oxygen atoms O3 and O4. These two atoms also establish hydrogen bonds with Tyr-36, Asp-100, Thr-104, and Asn-107 ( Fig. 1C and supplemental Table S1 ). The position of the sugar is also stabilized by oxygen O2, which creates a hydrogen bond with the nitrogen atom of Asn-107 and by oxygen O6 oxygen that interacts with the side chains of Glu-53 and His-50. The hydroxymethyl group that carries this oxygen always adopts a gauche-trans orientation (O5-C5-C6-O6 ϭ 72 Ϯ 15°). Oxygen O6 also participates in a water-bridged contact through a water molecule that is conserved in all monomers. This structural water molecule makes hydrogen bonds with the Pro-51 main chain oxygen and the Glu-53 main chain nitrogen. The hydrophobic contacts are rather limited because only the CH group at C2 interacts with the side chain of Tyr-36. The interaction of nonreducing galactose including a calcium ion and a water molecule appears to be very similar to observations in the structures of PA-IL complexed with galactose (10) or ␣Gal1-3␣Gal1-4Glc.
The reducing galactose is located in the solvent-exposed area at the surface of the site. In all binding sites, it establishes two additional hydrogen bonds with the protein through contacts between oxygen O4 and the nitrogen of Gln-53 and between the O3 galactose atom and the oxygen of Gln-53. The conformation at the glycosidic linkage between the galactose residues does not exhibit much variation, with the ⌽ angle adopting the average value of 59 Ϯ 9°in agreement with the exo-anomeric effect and the ⌿ angle adopting a value of Ϫ154 Ϯ 6°.
Microcalorimetry Data-The interaction between PA-IL and the three disaccharide derivatives were quantified by titration microcalorimetry, a method that is well suited for protein-carbohydrate interactions (41) . Because the dissociation constant of PA-IL toward ␣Gal-containing trisaccharides were previously reported to be in the order of 100 M, the titration was performed with an excess of ligand as recommended for low affinity systems (42) , and the stoichiometry was fixed to 1, taking into account data from crystallography. Titration curves for PA-IL binding to ␣Gal1-2 ␤GalOMe, reported in Fig. 2A , display large exothermic peaks characteristic of exothermic, i.e. enthalpy-driven, interaction. After integration of data (Fig. 2B) , association and dissociation constants as well as thermodynamics contribution have been calculated (Table 2 ). The K d values are very similar for ␣Gal1-3␤GalOMe and ␣Gal1-4␤GalOMe (132 and 115 M, respectively) and are close to the data obtained with trisaccharides ␣Gal1-3␤Gal1-4Glc and ␣Gal1-4␤Gal1-4Glc (11) . Interestingly, the affinity is three times stronger for ␣Gal1-2␤GalOMe (K d ϭ 37 M) than for the other disaccharides. For all disaccharides, the interaction is enthalpy-driven with an unfavorable entropy contribution that varies from 29 to 62% of the free energy of binding ( Fig. 2C and Table 2 ).
Docking of Disaccharides in the Binding
Site of PA-IL-The Autodock 3 software was used for docking the three disaccharides into the PA-IL pocket because this approach was previ- ously validated for sugar-protein interactions (43, 44) , including the case of the bridging calcium ion (28) . One hundred runs were calculated for each disaccharide with all rotatable bonds considered as flexible. For each disaccharide, the cluster with higher population is listed in Table 3 . In all cases, these clusters are highly populated (between 72 and 97%) and always contain the lowest energy solution (Fig. 3) . The lowest energy docking modes all present the nonreducing galactose residue with the expected coordination of the calcium ion by oxygen atoms O3 and O4 and hydrogen bonds to Tyr-36, Asp-100, Thr-104, and Asn-107 evaluated using the utility FindHBond implemented in Chimera. Only the O6 oxygen atom does not establish the expected hydrogen bond to His-50 and Gln-53. This appears to be due to the angle (O5-C6-C6-O6) that adopts a value close to 0°in the docking procedure that differs significantly from the gauche-trans conformation observed in the crystals. In all docked disaccharides, the galactose residue at the reducing end establishes hydrogen bonds with the protein that involve His-50 and Thr-53 (Fig. 3) . In the system PA-IL⅐␣Gal1-2GalOMe, the reducing galactose is stabilized by a hydrogen bond network involving the oxygen O3 and O4 of the second monomer and the atoms OE1 and NE2 from the residue Gln-53 (distances of 2.5, 3.1, 3.3, and 2.5 Å, respectively).
Concerning the reducing end of ␣Gal1-3GalOMe, the oxygen O2 is involved in a hydrogen bond network with the atoms OE1 and NE2 from the residue Gln-53 (2.5 and 3.1 Å) and the atom N2 from His-50 (2.8 Å). The same conditions were found in the case of PA-IL⅐␣Gal14GalOMe in which O2 and O3 from the second galactose monomer were involved in polar contacts with the atoms from the amino acids previously mentioned. In particular, the oxygen O2 establishes hydrogen bonds with the atoms OE1 and NE2 from the residue Gln-53 (2.7 and 3.2 Å), whereas the oxygen O3 
TABLE 2 Titration microcalorimetry data for the interaction between PA-IL and disaccharides
The experiments were performed twice, and the standard deviations are given for K a and ⌬H. The stoichiometry was fixed to 1 during the fitting procedure. 
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TABLE 3 Description of lowest energy binding modes between PA-IL and the disaccharides as predicted by Autodock3
The data from crystallography are reported in parentheses for comparison. 
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creates bonds with the atoms OE1 and NE2 from the residue Gln-53 (2.5 and 3.0 Å) and the atom NE2 from His-50 (2.9 Å). Docking results can be structurally compared with data derived from crystallography for the 1-2-and 1-3-linked disaccharides. The conformations at the glycosidic linkages do not show large variations between docked and experimental structures. The ␣Gal1-2Gal docked complex displays ␣Gal1-2Gal docked conformation with ⌽,⌿ values of 62.3 and Ϫ153.6°t hat compare well to the average values of 60 and Ϫ154°from the crystal structure described above, whereas the ␣Gal1-3Gal docked conformation varies from 95.9 to 135.1°in the docking approach to average observed values of 98 and 121°in the crystal structure of the complex between PA-IL and the trisaccharide (11). The low RMSD values calculated for disaccharides between the experimental and theoretical data for the disaccharides ␣Gal1-2GalOMe and ␣Gal1-3GalOMe as well as the coherent oxygen-metal ion distances and glycosidic angles values validate our docking approach and support the prediction of the ␣Gal1-4GalOMe binding mode. However, the absence of the conserved water molecule clearly induced a change in conformation for O6 hydroxymethyl group and could therefore affect the behavior of His-50 and Gln-53, which are of strong importance for disaccharide binding.
Molecular Dynamics-Seven 10-ns MD simulations in explicit water have been conducted on different systems as detailed in Table 4 . The systems contain disaccharides, PA-IL monomer, or the complex of both. Simulations were carried out under periodic boundaries conditions with constant pressure and temperature as described under "Experimental Procedures."
Conformational Analysis and MD Trajectories of Disaccharides-
The potential conformational space of each disaccharide can be represented as a function of ⌽ and ⌿ potential energy contour maps with the MM3 software. Only the ␣Gal1-2Gal map was calculated herein because the other two were obtained previously (11, 45) . The maps are typical of ␣-linkages, with two main energy minima separated by ϳ100°in ⌿ and a remote one with higher energy. The molecular simulation of each disaccharide in water displays rapid interconversion between the two main minima (Fig. 4) . The population in each conformation has been calculated (supplemental Table S2 ) and reported on the energy maps with the trajectory of the simulations (Fig. 4) .
The distribution of conformations for the hydroxymethyl group at C6 was also analyzed, and the gauche-trans one ( ϭ ϳϩ60°) is the most populated one (75-80%) for all galactose residues (supplemental Table S2 ). This simulation is in agreement with previous studies on monosaccharides in solid state (46) and in solution (47) .
Stability of the Monomeric PA-IL in MD Trajectories and Analysis of the Binding Site-
The PA-IL monomer was subjected to several 10-ns simulations either alone in solution or in complex with the different disaccharides (Table 4) . In all cases, the calcium ion was present in the binding site. The stability of the global tertiary structure of the monomer was evaluated by monitoring the evolution of the backbone RMSD as a function of time. Except for some fluctuations, the plots show that the RMSD increases at the beginning of the simulations, reaching a relatively stable value that does not exceed 2 Å (supplemental Fig. S1 ). More precise analysis was performed on the stability of the carbohydrate recognition site, defined by the calcium ion and the amino acids His-50, Gln-53, Asp-100, Thr-104, and Asn-107. In the presence of the disaccharides, the binding site RMSD in all of the systems does not present any excursions, with an average of 0.8 Ϯ 0.2 Å (supplemental Fig. S2 ). In the absence of bound carbohydrate, the RMSD of the binding site increases and displays a mean value of 1.2 Ϯ 0.5 Å.
To check the stability of the protein in regions close to the binding site, the theoretical B-factors were calculated by multiplying the average atomic positional fluctuation of the backbone atoms by 8/32 (Fig. 5) . PA-IL, both in a bounded and nonbounded state, shows regions with higher mobility. In particular, fluctuations are observed in the proximity of the C-and N-terminal residues and in amino acids 20 -25, 70 -75, and 85-95, which correspond to solvent-exposed loops opposite to the carbohydrate binding site area. The simulation of the unliganded PA-IL monomer also shows slight mobility in loops corresponding to amino acids 50 -55 and 100 -107, which belong to the carbohydrate binding site.
Dynamic Features of the Carbohydrates in the PA-IL Binding Site-The molecular dynamics of the PA-IL⅐disaccharide complexes were analyzed in terms of flexibility of the glycosidic linkage for the bound carbohydrates (Fig. 4) . When the ␣Gal1-2␤GalOMe is bound to the lectin, its flexibility is reduced to one low energy conformation centered on ⌽/⌿ values of 60°/Ϫ150°, which correspond closely to the conformations observed in the crystal structure of the PA-IL⅐␣Gal1-2GalOMe complex described above. The second energy minimum, corresponding to a ⌽ value of approximately Ϫ100°, is never occupied in the simulations in which disaccharides are present in the PA-IL binding site.
On the contrary, the dihedral history of the ⌽ and ⌿ angles of ␣Gal1-3␤GalOMe bound to PA-IL is quite similar to the one of the free disaccharides. Both main energetic minima (⌽/⌿ ϭ Ϸ80°/80°and ⌽/⌿ ϭ Ϸ100°/150°) are visited during the simulation (Fig. 4 and supplemental Tables S2 and S3 ). The disaccharide in complex with PA-IL shows an equal population of the two minima, whereas the minimum centered on ⌿ ϭ 80°is more populated for the disaccharide in solution. For comparison, in the structure of the PA-IL⅐trisaccharide complex (11), the ␣Gal1-3Gal linkage adopts a ⌽/⌿ conformation of 98°/ 121°that corresponds to the plateau between the two main minima with a relative energy of 2 kcal/mol.
The ␣Gal1-4Gal energy map displays an extended energetic allowed region with almost no energy barrier between the main energy minima. In MD simulations of the PA-IL⅐␣Gal1-4␤GalOMe complex, the ⌽ and ⌿ region centered on 80°/110°F IGURE 5. Theoretical B-factor of PA-IL residues (backbone atoms only) calculated for all the simulations. The red line represents the B-factor calculated for the residues of the monomer PA-IL. The B-factors calculated for the residues of PA-IL in complex with disaccharides are color-coded as follows: dark grey for the free monomer, light grey for ␣Gal1-2␤GalOMe⅐PA-IL, and black for ␣Gal1-3␤GalOMe⅐PA-IL and PA5-IL⅐␣Gal1-4␤GalOMe⅐PA-IL.
TABLE 5
Hydrogen bond data with an occupancy >15% and angle cut-off of 100°collected along the MDs simulations
The hydrogen bonds reported in italics are present if a cut-off angle of 60°is considered. The occupancy is defined as the percentage over the whole trajectory in which both the distance and the angle criteria are satisfied. was the most visited in the case of complex with PA-IL (approximately 80%), whereas the free disaccharide fluctuates rapidly in all the conformational space of the energy plateau and does not display significant conformational preferences. The comparison between the conformational behaviors of the three disaccharides demonstrates a clear difference between the 1-2-linked disaccharides and the two others. ␣Gal1-2␤GalOMe is the only one that displays a very limited conformational freedom when bound to PA-IL, whereas the flexibility of the other two is not significantly affected. These observations are in agreement with the calorimetry data that demonstrates a higher entropy penalty for binding of the ␣Gal1-2␤GalOMe disaccharide, however compensated by strong enthalpy of binding.
Acceptor
Calcium Coordination and Hydrogen Bond Network-The PA-IL binding site contains one calcium ion that coordinates five atoms from amino acids and two oxygen atoms from the bound galactose, namely O3 and O4. The ion galactose oxygen coordination is well conserved and stable in all trajectories (supplemental Fig. S3 ). Oxygens O3 and O4 are constantly involved in the coordination of calcium with mean distances of 2.5 Ϯ 0.1 Å, similar to the ones observed in crystal structure (10) .
The hydrogen bond network has been followed in the simulations of PA-IL⅐disaccharide systems by tracking the pair interactions in terms of distance and occupancy between the possible atoms acting as hydrogen bond donors or acceptors in each lectin⅐carbohydrate binding site (Table 5 and supplemental Table S4 ). In the primary galactose binding site, the most conserved hydrogen bond network involves the Asn-107 side chain that can receive hydrogen bonds from O2 and O3 and donate to O3 (occupancy Ͼ 90%). The side chain of Asp-100 can receive, along all simulations, hydrogen bonds from O4 (Ϸ100%). The amino acid His-50 contributes to the stability of the complexes by giving hydrogen bonds to the oxygen atoms O6 (occupancy Ϸ 90%) and O5 (occupancy Ϸ 30%). Less permanent hydrogen bonds are also observed between the nonreducing galactose and other amino acids: the Thr-104 main chain together with the Gln-53 side chain can be involved in polar contacts, accepting hydrogen bonds from hydroxyl group HO3 and (Ϸ60%) and HO6 (Ϸ70%), respectively.
The reducing galactose establishes different polar contacts with the protein, depending on the stereochemistry of the glycosidic linkage involving the side chains of His-50 and Gln-53. The side chain of the amino acid Gln-53 gives the most relevant contribution to the stability of all the reducing sugar moieties; it establishes a hydrogen bond network with the oxygens O3 and O4, the oxygen O2, and the oxygens O2 and O3 in the complexes PA-IL⅐␣Gal1-2␤GalOMe, PA-IL⅐␣Gal1-3␤GalOMe, and PA-IL⅐␣Gal1-4␤GalOMe, respectively. The side chain of His-50 can give hydrogen bonds to the oxygens O2 and O3 in the complex PA-IL⅐␣Gal1-3␤GalOMe and to the oxygen O2 in the system PA-IL⅐␣Gal1-4␤GalOMe. The higher occupancy of stable hydrogen bonds observed for PA-IL⅐␣Gal1-2␤GalOMe can be correlated with the strong enthalpy of interaction measured by titration microcalorimetry.
Role of Water Molecules in the PA-IL Binding Site-The crystallographic water molecule located in the cavity between the main chain of the lectin (Pro-51 and Gln-53) and the oxygen O6 of the ␣-galactose remains stable along all the simulations because of the occurrence of a dense hydrogen bond network. This water molecule can accept one hydrogen bond from the nitrogen atom of the Gln-53 main chain and give one to the Pro-51 main chain oxygen (Table 5) . A third hydrogen bond formed through polar contacts with oxygen O6. This scheme is found for all ␣Gal1-2␤GalOMe, ␣Gal1-3␤GalOMe, and ␣Gal1-4␤GalOMe ligands (occupancy Ϸ 90%). The water molecule is stable for the location of the oxygen atom, but it tumbles freely with the hydrogen atoms jumping between the several positions of the hydrogen bond network as displayed in the snapshots of Fig. 6 .
To evaluate the possible involvement of other water molecules in PA-IL⅐disaccharide interactions, the water density maps were calculated around each carbohydrate in complex with the lectin. The density maps were computed separately for the oxygen and the hydrogen atoms. Three significant bridging water molecules were identified in the complex PA-IL⅐␣Gal1-2␤GalOMe, two were identified in the complex PA-IL⅐␣Gal1-3␤GalOMe, and only one was identified in the complex PA-IL⅐␣Gal1-4␤GalOMe (Fig. 6) . In all cases, the stronger density corresponds to the stable crystallographic water molecule that is present in the three simulations and that is described above. For simulations in the presence of ␣Gal1-2␤GalOMe and ␣Gal1-3␤GalOMe, additional density peaks indicate the occurrence of a water molecule close to oxygens O2 and O3 of the buried galactose residue and to the Asn-107 side chain. In the PA-IL⅐␣Gal1-2␤GalOMe, a third region of hydration is identified between the O2 of the buried galactose and the O1 of the other one. The two-dimensional radial distribution plots ( Fig. 7 and supplemental Fig. S4 ) were calculated according to the methodology described by Andersson and Engelsen (48) to evaluate the variations in location and residence time of the water molecules identified by the density map calculations.
Only the crystallographic water molecule persists for the entire simulations in the binding pocket of all the systems with the maximum residence time (10 ns) while maintaining strong polar contacts to the sugar nonreducing end and the protein backbone. In the PA-IL⅐␣Gal1-2␤GalOMe system, the bridging water molecule that mediates the interactions between the oxygen atoms O2 and O3 of the ␣-galactose and Asn-107 is present in 68% of the MD simulation with an average residence time of 36.7 ps. Concerning the PA-IL⅐␣Gal1-3␤GalOMe complex, this water is present only in the first nanosecond of the simulation (average residence time of 4.3 ps). The third water molecule identified in the PA-IL⅐␣Gal1-2␤GalOMe between the oxygen O2 of ␣-galactose and O1 of ␤-galactose is present for 8.8 ns (average residence time of 16.4 ps). An equivalent water molecule bridging the two residues was identified in the simulation of this disaccharide free in solution (occupancy Ϸ 75%). The presence of this solvent residue could be considered an exclusive feature of this disaccharide.
Free Energy Analysis from MD Trajectories-MM-PBSA analysis was performed using 1000 snapshots from each 10-ns MD simulation. An attempt to calculate the T⌬S contribution using a harmonic approximation yielded essentially the same results for 100 snapshots of the three complexes with large standard deviations (Ϸ19 Ϯ 13 kcal/mol), mostly because of the vibrational contribution of the systems. A quasi-harmonics approach could be used to calculate entropy, but the 10-ns trajectories are normally not sufficient to reach a convergence of entropic values (49) . The T⌬S contribution was therefore not included in the analysis, an approximation classically used when comparing binding of different ligands and/or different mutants (50, 51) .
In a first round, the MM-PBSA energies were calculated without explicit water molecules ( Table 6 ). The resulting energies were very similar for the different disaccharides (Ϫ10.6 to Ϫ10.1 kcal/mol) and did not correspond to the variations observed for the experimental values (Table 2 ). Previous studies have demonstrated that explicit consideration of structural water molecules could be important for ⌬G calculations (51) (52) (53) . The crystallography water molecule, present and stable during all simulations with carbohydrate ligands, has therefore been included in the calculations (Table 6 ). The resulting MM-PBSA energy is significantly lower for the ␣Gal1-2␤GalOMe ligand compared with the other two (2.3 and 3.3 kcal difference toward ␣Gal1-3␤GalOMe and ␣Gal1-4␤GalOMe). This trend compares very well with the experimental data. The MM-PBSA approach also provides detailed information concerning the forces that are involved during the formation of carbohydrate⅐lectin complexes (Table 6 ) in which the electrostatic interactions are the main contributors to the energy of binding. The proposed energetic values can be considered qualitative results but in agreement with the experimental data.
When evaluating the contribution of each monosaccharides to the binding energy (supplemental Table S5 ), the nonreducing residue, i.e. buried ␣Gal, is the major contributor (60 -80% of the binding energy). Nevertheless, a clear effect of the water molecule is observed because the binding contribution of the buried galactose increases by ϳ10% when the water molecule is present (supplemental Table S5 ). This is in agreement with the direct hydrogen bond contacts established between this residue and the bridging water. The applied method underscores and confirms the importance of including specific water molecules in computational studies for the prediction of free energies of binding.
Conclusion-The interaction between PA-IL and three digalactosides different only in the linkage position has been evaluated by experimental and theoretical tools. Excellent agreement is obtained that rationalizes the preference for the ␣2-linked disaccharide. This molecule undergoes a strong reduction of flexibility upon binding, which corresponds to high entropy penalty. However, it also establishes a high number of hydrogen bonds with higher occupancy between the external galactose and the protein surface as demonstrated by crystal structure and molecular dynamics. The resulting interaction enthalpy term overpasses the entropy cost and results in the stronger affinity constant. Molecular docking and molecular dynamics simulation data are in agreement with structural data derived from crystallography and can be considered a valid method for the prediction of the behavior of different ligands in the PA-IL binding site. Although ␣Gal1-2Gal disaccharide is not a human epitope, it is present on the surface of some parasites such as Trypanosoma cruzi (54) , and its high affinity binding by PA-IL lectin may be of interest for specific labeling.
Molecular dynamics simulation was a useful tool for the analysis of the solvent in the PA-IL binding site. Structural waters were identified using different in silico approaches such as density map calculations and two-dimensional radial distribution function analysis. This study confirmed the stability of a structural bridge water molecule always present along the simulations and also revealed the presence of other structural water molecules, with lower residence time and occupancy, in disaccharide⅐PA-IL complexes. MM-PBSA was used for calculating the free energy of binding. This study could be considered as a qualitative approach to understand and also to predict the trend of the energetic features of ligands in complex with PA-IL. Our work shows that the inclusion of the stable bridge water molecules in MM-PBSA calculation was fundamental for understanding the trend of the energies of binding. This is in agreement with previous works demonstrating that explicit consideration of structural water molecules could be important for ⌬G calculations (51) (52) (53) . This work provides information that is key to strengthening the fundamental understanding of how specific carbohydrates bind to the PA-IL binding site.
The first assays for occupying a bridging water site by a synthetic side chain were recently performed on concanavalin A (55) and PA-IIL (56) but with no gain yet in affinity. Considering the multivalency of lectins, the synthesis of multivalent ligands is a classical way for gaining avidity. Indeed, the first tetravalent galactose-containing ligand for PA-IL demonstrated a 850-fold increase in affinity compared with the monomeric ligand (57) . Combining the detailed knowledge about the structure and energetics of the binding site together with the multivalency approach will be the route for the design of drugs active against P. aeruginosa infection.
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